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Activity-dependent rapid structural and func-
tional modifications of central excitatory syn-
apses contribute to synapse maturation, ex-
perience-dependent plasticity, and learning
and memory and are associated with neurode-
velopmental and psychiatric disorders. How-
ever, the signal transduction mechanisms that
link glutamate receptor activation to intracellu-
lar effectors that accomplish structural and
functional plasticity are not well understood.
Here we report that NMDA receptor activation
in pyramidal neurons causes CaMKII-depen-
dent phosphorylation of the guanine-nucleotide
exchange factor (GEF) kalirin-7 at residue thre-
onine 95, regulating its GEF activity, leading to
activation of small GTPase Rac1 and rapid en-
largement of existing spines. Kalirin-7 also in-
teracts with AMPA receptors and controls their
synaptic expression. By demonstrating that
kalirin expression and spine localization are
required for activity-dependent spine enlarge-
ment and enhancement of AMPAR-mediated
synaptic transmission, our study identifies asig-
naling pathway that controls structural and
functional spine plasticity.
INTRODUCTION
How central excitatory synapses change during plasticity
is a central question in neuroscience because knowledge
of the mechanisms of this process will help us understand
normal brain functions such as cognition, and learning and
memory, as well as pathological conditions such as men-
tal retardation, mental illness, and addiction. In the last
decade, enormous progress has been made in under-
standing the phenomenology and mechanisms of func-
tional plasticity of central synapses. However, much less
is known about the mechanisms that control synaptic
structural plasticity of existing synapses. Such structural
changes of spines complement functional changes, and640 Neuron 56, 640–656, November 21, 2007 ª2007 Elsevier Init is becoming clear that synapse structure and function
are tightly correlated (Kasai et al., 2003; Kopec et al.,
2006; Luscher et al., 2000). Activity-dependent rapid
structural modifications of central excitatory synapses,
together with synaptic functional modifications, underlie
synaptic plasticity (Engert and Bonhoeffer, 1999; Mal-
etic-Savatic et al., 1999; Toni et al., 1999) and are crucial
for experience-dependent brain plasticity (Trachtenberg
et al., 2002) as well as learning and memory (Leuner
et al., 2003; Kozorovitskiy et al., 2005). Dendritic spine
morphogenesis is central to synaptic structural plasticity
(Luscher et al., 2000; Yuste and Bonhoeffer, 2001): most
excitatory synapses on pyramidal neurons in brain are
located on dendritic spines (Fiala et al., 2002), and spine
structure is a determinant of synapse function (Kasai
et al., 2003). Altered synaptic structural and functional
plasticity also contribute to neurodevelopmental and
psychiatric disorders that affect cognition (Fiala et al.,
2002): aberrant spine morphogenesis and plasticity occur
inmental retardation (KaufmannandMoser, 2000), fragile-X
disorder (Irwin et al., 2000), autism spectrum disorders
(Pickett and London, 2005), schizophrenia and depression
(Glantz andLewis, 2001), andaddiction todrugs (Robinson
andKolb, 1999). However, themolecularmechanisms that
regulate activity-dependent synaptic structural plasticity
are not well understood.
In forebrain pyramidal neurons, induction of long-term
potentiation (LTP) inhippocampal slicesusingdifferentpro-
tocols (Engert andBonhoeffer, 1999;Maletic-Savatic et al.,
1999; Toni et al., 1999; Kopec et al., 2006), or glutamate
uncaging on spine heads (Matsuzaki et al., 2004), causes
rapid enlargement of spine heads and simultaneous
delivery of a-amino-5-hydroxy-3-methyl-4-isoxazole pro-
pionic acid (AMPA) receptors (AMPAR) containing GluR1
into spines. Similar modifications have been observed in
the cortex in response to LTP (Connor et al., 2006) or expe-
rience (Takahashi et al., 2003). N-methyl-D-aspartate
(NMDA) receptor-dependent activation of calcium/cal-
modulin-dependent protein kinase II (CaMKII) is necessary
for induction of both structural and functional plasticity
(Matsuzaki et al., 2004; Toni et al., 1999). CaMKII is a ser-
ine/threonine kinase regulated by Ca2+/calmodulin, which
is highly abundant in spines. CaMKII is activated and auto-
phosphorylated during LTP, and its activation is necessary
and sufficient for the induction of LTP (Lisman et al., 2002)c.
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et al., 1999; Jourdain et al., 2003; Matsuzaki et al., 2004).
CaMKII is required for experience-dependent cortical plas-
ticity (Glazewski et al., 1996) and learning and memory in
vivo (Giese et al., 1998; Lisman et al., 2002). Nevertheless,
the substrates of CaMKII necessary for induction of activ-
ity-dependent structural plasticity of mature synapses are
not known.At the effector endof the postsynaptic signaling
cascades, increased synaptic expression of AMPA recep-
tors (Kopec et al., 2006; Shi et al., 1999; Song andHuganir,
2002) and actin remodeling (Fischer et al., 1998; Fukazawa
et al., 2003; Matsuzaki et al., 2004) underlie the mainte-
nance of synaptic potentiation and the associated spine
enlargement. On the other hand, the intracellular signaling
mechanisms that functionally link NMDA receptor
(NMDAR) activation to actin dynamics and receptor traf-
ficking to the synaptic surface are not well understood
(Tada and Sheng, 2006).
The brain-specific neuronal guanine-nucleotide ex-
change factor (GEF) kalirin-7, an activator of the small
GTPase Rac1 and regulator of actin cytoskeletal dynam-
ics, is enriched in dendritic spines through interactions
of its C tail with postsynaptic scaffolding proteins includ-
ing PSD-95, SAP-102, and SAP97, where it controls spine
morphogenesis (Penzes et al., 2000, 2001). For these
reasons, kalirin-7 is in an optimal position to relay signals
initiated by NMDAR activation to the intracellular machin-
ery that drives cytoskeletal rearrangements and receptor
trafficking, to control activity-dependent structural and
functional spine plasticity in mature spines. Importantly,
Rho GTPases including the kalirin-7 target Rac1 are key
regulators of spine morphogenesis, Rac1 specifically in-
ducing spine formation and enlargement (Tashiro et al.,
2000). Mutations in genes encoding several components
of theRhoGTPasesignalingpathwaycausemental retarda-
tion (Ramakers, 2002), demonstrating a key role for proteins
in these pathways in human cognitive development.
To understand the mechanisms that control activity-
dependent plasticity of existing spines and coordinate it
with synaptic functional plasticity, in this study we investi-
gated the signal transduction mechanisms that function-
ally link activation of glutamate postsynaptic receptors
with the machinery that controls rapid spine structural
and functional modifications that maintain plasticity. We
report that in developed pyramidal neurons, activation of
NMDARs causes rapid spine enlargement, associated
with activation of Rac1 and CaMKII. In turn, CaMKII
interacts with kalirin-7 in spines and phosphorylates it.
Activity-dependent phosphorylation of kalirin-7 and Rac1
activation require the association of kalirin-7 with the
postsynaptic density, as well as active CaMKII. We
show that kalirin-7 also interacts with the GluR1 subunit
of AMPARs, controlling their synaptic expression and
maintenance and AMPAR-mediated synaptic transmis-
sion. We demonstrate that CaMKII activity, kalirin expres-
sion, and spine localization of kalirin are required for
activity-dependent insertion of GluR1 into spines, spine
enlargement, and enhancement of AMPAR-mediatedNeusynaptic transmission. Taken together, our study
identifies a signaling pathway that controls structural
and functional spine plasticity.
RESULTS
NMDA Receptor-Dependent Rapid Spine
Enlargement and Rac1 Activation
Rapid enlargement of dendritic spines, induced by
specific patterns of synaptic stimulation and occurring in
parallel with enhancement of synaptic transmission, is
thought to contribute to the establishment of long-lasting
synapse potentiation (Maletic-Savatic et al., 1999; Toni
et al., 1999; Matsuzaki et al., 2004; Kopec et al., 2006).
However, the intracellular mechanisms that control activ-
ity-dependent rapid spine enlargement are not known. To
induce activity-dependent spine remodeling we activated
synaptic NMDARs on cultured cortical pyramidal neurons
by acutely unmasking receptors previously inhibited with
APV (Xie et al., 2005). We examined neurons at DIV28,
when the majority of synapses are mature and the forma-
tion and elimination of synapses reach equilibrium
(Holtmaat et al., 2005). This treatment induced rapid spine
enlargement: average spine areas were 30%–70% larger
(basal, 0.62 ± 0.04; 5 min activated, 0.78 ± 0.054; 30 min
activated, 0.95 ± 0.055 mm2, p < 0.001; Figure 1A and
see Figures S6A and S6B in the Supplemental Data avail-
able with this article online), while inducing significant
spine elongation at later time points (Xie et al., 2005). We
confirmed this activity-dependent rapid spine enlarge-
ment in live neurons using time-lapse imaging (Figure 1B).
Activation of synaptic NMDARs using an independent pro-
tocol in neurons cultured in the absence of APV by a short
treatment with the coagonist glycine (Lu et al., 2001) in-
duced similar spine enlargement (Figure S1A). These
changes in spine morphology have a comparable time
course to those associated with induction of LTP or
caused by glutamate uncaging in other studies (Kopec
et al., 2006; Matsuzaki et al., 2004). This enlargement of
spines was also associated with functional enhancement
of synaptic transmission, indicated by increased average
AMPA-mediated mEPSC frequency (basal, 3.11 ± 0.17/
s; activated, 5.05 ± 0.75/s; p < 0.05; Figure 1C).
To investigate the molecules that link NMDAR activa-
tion with structural remodeling of spines, we examined
the activation of the small GTPase Rac1. This G protein
is a central regulator of the actin cytoskeleton, spine
enlargement, activity-dependent dendrite growth (Sin
et al., 2002; Tashiro et al., 2000; Wiens et al., 2005), and
synaptic clustering of AMPAR during synapse maturation
(Wiens et al., 2005). We found that, in pyramidal neurons,
activation of NMDARs also resulted in activation of Rac1
with the same temporal dynamics as spine morphogene-
sis (5 min, 1.92 ± 0.23; 30 min, 4.42 ± 0.74; p < 0.005;
Figure 1D), suggesting that activation of Rac1 may under-
lie activity-dependent spine enlargement as well as
AMPAR synaptic expression.ron 56, 640–656, November 21, 2007 ª2007 Elsevier Inc. 641
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Kalirin-7 Controls Rapid Spine PlasticityFigure 1. NMDA Receptor-Dependent Spine Enlargement Is Associated with Rac1 and CaMKII Activation
(A) Quantification of spine areas of cultured cortical pyramidal neurons in basal and activated conditions: 5 min and 30 min activated are significantly
different from basal, p < 0.005.
(B) Time-lapse imaging of single spine before (basal) and after (activated) NMDAR activation.
(C) Traces show AMPAR-mediated mEPSC recordings from neurons in basal and activated (30 min) conditions, *p < 0.05.
(D) Quantification of integrated intensities of Rac1-GTP bands in control (basal) and activated neurons, normalized for protein loading, **p < 0.005.
(E) Western blot of extracts of control and activated neurons with an anti-phospho-Thr286-CaMKII antibody.
(F) Time-dependent phosphorylation of CaMKIIa/b in dendrites of cortical neurons upon NMDAR activation; immunostaining with anti phospho-
CaMKIIa/b antibody, ***p < 0.001.
(G) Effects of KN-62 (10 mM) on NMDAR activation-dependent CaMKII phosphorylation and spine enlargement, **p < 0.005.
(H) Quantification of (G): activated is significantly different from basal, p < 0.001.
Scale bars, 10 mm. Data represent mean ± SEM.642 Neuron 56, 640–656, November 21, 2007 ª2007 Elsevier Inc.
Neuron
Kalirin-7 Controls Rapid Spine PlasticityFigure 2. CaMKII Interacts with and Phosphorylates Kalirin-7
(A) Coimmunoprecipitation of kalirin-7 with CaMKII and PSD-95 from rat forebrain homogenate; negative controls were IgG and myc antibodies.
(B) Colocalization of CaMKII and kalirin-7 in spines of pyramidal neurons.
(C) Western blot for phospho-Thr (p-Thr): constitutively active CaMKIIa (CaMKII-CA) phosphorylates kalirin-7, dependent on the presence of
phosphatase inhibitors. Kalirin-7 was immunoprecipitated from hEK293 cells overexpressing myc-kalirin-7 with or without CaMKII-CA.
(D) Phosphorylation of kalirin-7 by wild-type CaMKII is blocked by KN-62. Cells were preincubated with or without 10 mM KN-62 before immunopre-
cipitation; western blot with p-Thr andmyc antibodies; quantification of integrated intensities of p-Thr bands, normalized for protein loading, *p < 0.05.
(E) NMDAR activation-dependent phosphorylation of kalirin-7 in neurons; kalirin was immunoprecipitated and analyzed by western blotting for p-Thr.
(F) Epitope-tagged kalirin-7 or truncated forms were overexpressed in hEK293 cells with CaMKII-CA; kalirin was immunoprecipitated and phospho-
proteins were analyzed by western blotting with a p-Thr antibody.
(G) Purified CaMKII/calmodulin directly phosphorylates immunopurified kalirin-7 in vitro, in the presence of purified CaMKII/calmodulin and g-[32P]-
ATP; arrowhead: phospho-kalirin-7 band, asterisk: nonspecific band.
Scale bar, 10 mm. Data represent mean ± SEM.CaMKII Is Required for Activity-Dependent
Spine Enlargement
CaMKII is required for the induction of LTP, spine enlarge-
ment associated with potentiation, and multiple forms of
plasticity and learning and memory (Glazewski et al.,
1996; Giese et al., 1998; Maletic-Savatic et al., 1999;
Lisman et al., 2002; Jourdain et al., 2003; Matsuzaki et al.,
2004); hence, we reasoned that it may also be crucial for
mediating downstreamsignaling fromNMDARs to the actin
cytoskeleton. To determine whether NMDAR activation in-
duced activation ofCaMKII, we examined the phosphoryla-
tion of CaMKII in neurons in which we activated NMDARs,
as compared to untreated control neurons (p < 0.001;
Figures 1E and 1F). As expected, activation of NMDARs re-
sulted in rapid phosphorylation of CaMKII (within 30 min),
which was blocked by the CaMKII inhibitor KN-62
(Matsuzaki et al., 2004) (p < 0.005; Figure 1G). Importantly,
preincubation with KN-62 also blocked activity-dependent
spine enlargement and increase in linear spine density
(area: basal, 0.65 ± 0.04; activated, 0.98 ± 0.03; activated
+ KN-62, 0.62 ± 0.05 mm2, p < 0.001; Figures 1G and 1H
and Figure S6C), demonstrating that NMDAR activity-
dependent spine enlargement requires CaMKII activation.NeuCaMKII Interacts with Kalirin-7
The downstream targets of CaMKII that may regulate
spine enlargement are not known. We reasoned that this
function may be fulfilled by GEFs for Rac1, which could
catalyze CaMKII-dependent activation of Rac1 leading
to actin remodeling. We have previously reported that
the brain-specific Rac1-GEF kalirin-7 is enriched in den-
dritic spines and regulates spine morphogenesis (Penzes
et al., 2000, 2001). Bioinformatics algorithms indicate that
kalirin-7 contains several putative CaMKII phosphoryla-
tion sites (Figure S1B). Hence, kalirin-7 may relay signals
from NMDARs, via CaMKII, to control activity-dependent
spine remodeling. To test whether CaMKII and kalirin-7
interacted functionally, we examined their physical asso-
ciation in rat forebrain homogenates and cultured pyr-
amidal neurons. CaMKII coimmunoprecipitated with ka-
lirin-7 and PSD-95 from rat forebrain homogenates
(Figure 2A), suggesting that these proteins participate in
the same multiprotein complex. Indeed, in dissociated
cultures of cortical neurons, kalirin-7 and CaMKII colocal-
ized in spines (Figure 2B). These results place kalirin-7
in proximity of CaMKII in spines, potentially enabling it
to phosphorylate kalirin-7. To test whether CaMKII canron 56, 640–656, November 21, 2007 ª2007 Elsevier Inc. 643
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Kalirin-7 Controls Rapid Spine Plasticityphosphorylate kalirin-7, we coexpressed them in hEK293
cells and examined the phosphorylation of kalirin-7 by
western blotting with a phospho-threonine (Thr) antibody
(Lisman et al., 2002). While kalirin-7 alone was not phos-
phorylated, its coexpression with CaMKIIa (constitutively
active, -CA, or wild-type) resulted in its phosphorylation
(Figure 2C). This was dependent on the presence of phos-
phatase inhibitors and was blocked by KN-62 (Figures
2C and 2D). These results suggest that activation of
NMDARs may induce Thr phosphorylation of kalirin-7. In-
deed, activation of NMDARs in cortical neuronal cultures
resulted in Thr phosphorylation of kalirin-7 (Figure 2E),
suggesting that kalirin-7 phosphorylation by CaMKII may
occur in synapses upon NMDAR activation.
To identify the region of kalirin sequence that contained
the CaMKII phosphorylation sites, we coexpressed trun-
cated forms of kalirin containing or lacking specific do-
mains with CaMKIIa and examined the phosphorylation
of kalirin-7 (Figure 2F).While full-length kalirin-7 was phos-
phorylated on Thr residues, a mutant lacking the N termi-
nus (kalirin-5) or mutants containing only the DH-PH or
spectrin domains were not. This indicates that the CaMKII
phosphorylation site is within the N-terminal 300 amino
acids of kalirin-7, in agreement with the predicted CaMKII
phosphorylation site at Thr 95 (T95) (Figure S1B). Remark-
ably, purified CaMKII/calmodulin phosphorylates purified
kalirin-7 in vitro (Figure 2G), and the presence of inhibitors
of PKA, PKC, or Cdk5 did not reduce CaMKII-dependent
phosphorylation (Figure S1C), indicating that kalirin is
directly phosphorylated by CaMKII.
To determine whether T95 was the CaMKII phosphory-
lation site, we generated a point mutation in kalirin-7
changing the threonine to alanine (T95A) (Figure S1D). In
an in vitro phosphorylation assay, purifiedCaMKII/calmod-
ulin did not phosphorylate the immunopurified T95A, dem-
onstrating that CaMKII phosphorylates kalirin-7 at T95
(Figure 3A). This was further confirmed by western blotting
with a p-Thr antibody of kalirin-7 or T95A coexpression in
the presence or absence of CaMKII-CA (Figure S1E).While
coexpression of CaMKII-CA with wild-type kalirin-7 re-
sulted in an enhanced activation of Rac1, coexpression
with kalirin-7-T95A did not, suggesting that phosphoryla-
tion of kalirin-7 at T95 by CaMKII modulates its Rac1-
GEF activity (Figure S1F). To test whether availability for
phosphorylation of this site affected the ability of kalirin-7
to regulate spine morphology, we transfected neurons
(DIV28) with plasmids expressing GFP alone, or together
with wild-type kalirin-7 or kalirin-7-T95A (Figure 3B). Both
wild-type and mutant kalirin-7 were expressed and tar-
geted to spines with similar efficiencies. While expression
of kalirin-7 caused an increase in spine areas compared to
controls, as expected, expression of kalirin-7-T95A had
no effect on spine sizes (basal, 0.61 ± 0.04; kalirin-7, 1.1 ±
0.07; T95A, 0.6 ± 0.03 mm2; p < 0.001; Figure 3C), sug-
gesting that the presence of a phosphorylatable Thr at
this site is necessary for the ability of kalirin-7 to cause
spine enlargement. Meanwhile, expression of kalirin-7 or
kalirin-7-T95A increased the linear spine density (basal,644 Neuron 56, 640–656, November 21, 2007 ª2007 Elsevier In4.76 ± 0.23; kalirin-7, 6.13 ± 0.14; T95A, 6.89 ± 0.54
spines/10 mm; p < 0.001; Figure 3D), indicating that spine
density is not affected by phosphorylation at this site. Im-
portantly, overexpression of kalirin-7-T95A in neurons pre-
vented their ability to undergo NMDAR-dependent spine
enlargement (basal, 0.61 ± 0.02; basal + T95A, 0.6 ±
0.07; activated, 0.93 ± 0.03; activated + T95A, 0.6 ± 0.01
mm2; p < 0.001; Figures 3E and 3F and Figure S6E) but
not spine density increases (Figure 3G). These experi-
ments demonstrate that CaMKII interacts with kalirin-7
and enhances its GEF activity by phosphorylating it on
T95, modulating the ability of kalirin-7 to induce activity-
dependent spine enlargement. NMDAR activation caused
a rapid translocation of kalirin-7 from dendritic shafts to
nearby spines (Figure S2A) without affecting the relative
distribution of kalirin-7 in dendrites versus soma (Fig-
ure S2B). This was paralleled by an increase in phosphor-
ylated PAK (P-PAK), a Rac1/Cdc42 substrate, in dendrites
but not in soma (Figure S2C), demonstrating that the com-
ponents of this signaling pathway are present in spines
and are further enriched there upon induction of plasticity
(Figure S2D). However, as a fraction of these proteins are
present in the cell body as well (Figures S2B and S2C),
there may also be a somatic contribution to the observed
effects.
NMDA Receptor Activation-Dependent Rac1
Activation Is Mediated by CaMKII and Kalirin-7
To examine the requirement for the association of kalirin-7
with the postsynaptic density (PSD) and for its targeting to
spines, we developed a cell-permeant interfering peptide
that mimics the C terminus of kalirin-7 (Penzes et al.,
2000). This peptide competes with endogenous kalirin-7
for interactions with PSD-95 and other PDZ proteins, inter-
fering with its synaptic targeting and association with
NMDAR complexes. Incubation of cultured neurons with
fluorescein-tagged interfering peptide (K7 int), followed
by washout of excess peptide, resulted in labeling of
neurons, indicating that the peptide effectively entered
the cells (Figure 4A). Immunostaining using a kalirin anti-
body revealed that in neurons treated with interfering pep-
tide, the punctate staining of kalirin in synapses was
eliminated, as compared to untreated control neurons
(Figure 4A). Importantly, while the interfering peptide (but
not a mutated control peptide, K7 mut) significantly de-
pleted kalirin-7 from spines and dendrites, it did not affect
localization of PSD-95, the protein mediating kalirin-7
targeting to spines (Figure 4B), or of NMDAR subunit
2A (NR2A), which binds to PSD-95 (Figure S3), confirm-
ing the effectiveness and specificity of interference with
kalirin-7 spine targeting.
We next used this interfering peptide to test whether
activity-dependent phosphorylation of kalirin-7 required
its association with the PSD and targeting to spines. Pre-
incubation of neurons with the K7 int, but not with K7 mut,
prevented NMDAR activity-dependent Thr phosphoryla-
tion of kalirin-7. Similarly, KN-62 blocked NMDAR
activity-dependent phosphorylation of kalirin-7 (p < 0.001;c.
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Kalirin-7 Controls Rapid Spine PlasticityFigure 3. Identification of the Phosphorylated Site of Kalirin-7
(A) Kalirin-7 is directly phosphorylated by CaMKII, but kalirin mutant T95A is not; arrowhead: phospho-kalirin-7 band. Kalirin-T95A (T95A) was
immunopurified and analyzed as in Figure 2G.
(B) Thr-95 is a key regulatory site for ability of kalirin-7 to induce spine enlargement. Spine morphology was analyzed on neurons (DIV28) transfected
with plasmids expressing GFP alone or together with wild-type kalirin-7 or kalirin-7-T95A.
(C) Quantification of spine areas in (B), p < 0.001.
(D) Quantification of linear spine densities in (B): *p < 0.05.
(E) Thr-95 is key regulatory site for activity-dependent spine enlargement. Spine morphology was analyzed as in (B), in activated or untreated control
neurons.
(F) Quantification of spine areas in (E), p < 0.001.
(G) Quantification of spine densities in (E), *p < 0.05.
Scale bars, 10 mm. Data represent mean ± SEM.Figure 4C). These results indicate that association of
kalirin-7 with the PSD, as well as CaMKII activity, are
necessary for activity-dependent Thr phosphorylation of
kalirin-7.
Activity-dependent and CaMKII-dependent phosphory-
lation of kalirin-7 may regulate its GEF activity andNeuactivation of Rac1. To test this, we blocked NMDAR-
induced activation of endogenous Rac1 in cultured neu-
rons, using the interfering peptide and KN-62 (Figures 4D
and 4E); NMDAR activity resulted in activation of Rac1,
which was blocked by interfering peptide or KN-62, but
not by the control peptide. Taken together, our dataron 56, 640–656, November 21, 2007 ª2007 Elsevier Inc. 645
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Kalirin-7 Controls Rapid Spine PlasticityFigure 4. CaMKII and Spine Targeting
Are Required for Activity-Dependent
Kalirin-7 Phosphorylation and Rac1
Activation
(A) A kalirin-7 interfering peptide is able to
penetrate neurons: neurons were incubated
with a fluorescein-tagged kalirin-7 interfering
peptide (K7 int), a control peptide (K7 mut), or
left untreated. Retained peptide was detected
based on its tag (fluo) or using a kalirin-7 anti-
body.
(B) K7 int (arrowheads) but not K7 mut dis-
places kalirin-7 from spines. PSD-95 is not
displaced (arrows).
(C) Activity-dependent phosphorylation of
kalirin-7 in neurons requires its association
with the postsynaptic density (PSD) and active
CaMKII. Neurons were left untreated or prein-
cubated with K7 int, K7 mut, or KN-62, and
subjected to APV withdrawal; western blot
with p-Thr and kalirin antibodies: quantification
of normalized p-Thr integrated intensities,
***p < 0.001.
(D and E) Neurons were left untreated or were
preincubated with K7 int, K7 mut (D), or KN-
62 (E), and subjected to APVwithdrawal; quan-
tification of normalized integrated intensities of
Rac1-GTP bands, ***p < 0.001.
Scale bars, 10 mm. Data represent mean ±
SEM.demonstrate that, in cortical pyramidal neurons, CaMKII
colocalizes and interactswithkalirin-7 in spines, phosphor-
ylating it on a Thr residue in an activity-dependent manner,
and that this interaction mediates NMDA receptor-
dependent activation of Rac1.
Kalirin-7 Expression and Spine Localization Are
Required for Maintenance of Spine Morphology
Kalirin-7 stimulates spine formation and maturation
(Penzes et al., 2001, 2003). However, when we examined
the expression of kalirin-7 in rat cerebral cortex forebrain
during postnatal development, we found that, while
kalirin-7 is absent at postnatal day 2 (P2) or is expressed
at very low levels at P8–P15, it was very abundant at
P28, when most synapses have undergone maturation
(Figure 5A). This suggests that kalirin-7 may play an
important role in mature synapses, perhaps in their
activity-dependent structural plasticity. To examine the646 Neuron 56, 640–656, November 21, 2007 ª2007 Elsevier Independence of mature spine morphology and mainte-
nance on kalirin expression, we employed RNA interfer-
ence (RNAi) to knock down the expression of endogenous
kalirin in neurons. We tested the efficiency and specificity
of pGsuper-RNAi (referred to as RNAi) in knocking down
the expression of kalirin-7 in hEK293 cells (Figure S4A)
and in neurons (Figures S4B–S4E). We then examined
the effect of knocking down kalirin expression on the mor-
phology of dendrites and spines on mature cortical neu-
rons (DIV28). Neurons subjected to RNAi for 5 days had
significantly fewer and smaller spines compared to neu-
ronsexpressingpGsuperplasmidalone (Figure 5B). To fur-
ther confirm knockdown specificity, we transfected neu-
rons with RNAi together with a rescue plasmid in which
two silent point mutations have been introduced in the ka-
lirin sequence targeted by RNAi, as well as with a mutated
RNAi plasmid. While RNAi caused a significant loss of
spines, coexpression of RNAi with rescue plasmid orc.
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Kalirin-7 Controls Rapid Spine PlasticityFigure 5. Kalirin-7 Expression and Spine
Localization Are Required for Mainte-
nance of Mature Spine Morphology
(A) Expression of kalirin-7 in rat cerebral cortex
during postnatal development.
(B) Effects of kalirin knockdown on spine num-
ber in cortical pyramidal neurons. Neurons
(DIV24) were transfected with empty vector
pGsuper (basal), pGsuper-RNAi (RNAi),
pGsuper-RNAi together with a rescue plasmid
(RNAi + rescue K7), and a mutated RNAi with
2 point mutations, for 5 days.
(C) Quantification of spine linear densities in
(B), ***p < 0.001.
(D) Time-dependent (3–5 days) effect of kalirin
knockdown on spine areas and linear density.
(E) Quantification of spine linear densities in (D),
***p < 0.001.
(F) Quantification of spine areas in (D), p < 0.05.
Quantification of K7 int and K7 mut on the
areas of dendritic spines after incubation for
2 hr (G) and 2 days (H). p < 0.05.
Scale bar, 10 mm. Data represent mean ± SEM.expression of mutated RNAi had no effect (Figures 5B and
5C). To determine whether a partial knockdown of kalirin,
achieved by a shorter treatment with RNAi resulted in
a less dramatic effect on spines, we treated neurons with
RNAi for 3 or 5 days (Figure 5D). While kalirin knockdown
for 5 days resulted in significant loss of spines (p <
0.001), knockdown for 3 days had a much more moderate
effect, consistingof unaffected spinedensities andmoder-
ately reduced spine areas, likely caused by partial reduc-
tion of kalirin levels (Figures 5E and 5F and Figure S6F).
Importantly, kalirin knockdown did not affect NMDAR
function and localization to spines, as indicated by the per-
sistent NMDAR activity-dependent phosphorylation of
CaMKII (Figure S5B) and of NR1 clusters (Figure S5C) in
spines in the presence of RNAi.
To determine whether displacing kalirin-7 from spines
affected spine morphology, we incubated neurons ex-
pressing GFP with K7 int and K7 mut for 2 hr or 2 days.
Peptide incubation for 2 hr did not significantly affect spine
areas (basal, 0.78 ± 0.04; K7 mut, 0.81 ± 0.04; K7 int, 0.82
± 0.05 mm2) but had a modest effect on linear spine densi-
ties (basal, 6.12 ± 0.38; K7 mut, 6.11 ± 0.35; K7 int, 4.88 ±
0.19 spines/10 mm; p < 0.05; Figure 5G and Figure S6G),Neusuggesting that it did not interfere with short-term spine
maintenance. However, incubation with interfering pep-
tide for 2 days resulted in a reduction in spine sizes and
number (area: basal, 0.78 ± 0.04; K7 mut, 0.77 ± 0.03;
K7 int, 0.63 ± 0.04 mm2; p < 0.05; spine density: basal,
6.12 ± 0.38; K7 mut, 6.38 ± 0.42; K7 int, 3.51 ± 0.45
spines/10 mm; p < 0.05; Figure 5H and Figure S6H). These
experiments demonstrate that kalirin expression is re-
quired for spine maintenance in a dosage-dependent
manner and that its localization to spines is required for
the long-term maintenance of spines.
Kalirin-7 Interacts with AMPAReceptors, Controls
Their Maintenance in Spines, and Modulates
AMPA Receptor-Mediated Synaptic Transmission
The structure, stability, and function of excitatory synap-
ses are thought to be coordinately regulated in plasticity,
in that activity-dependent spine enlargement parallels
synapse stabilization and functional strengthening of
synapses caused by increased AMPAR levels at the post-
synaptic membrane (Kasai et al., 2003; Luscher et al.,
2000; Matsuzaki et al., 2004). This suggests that mecha-
nisms that control the remodeling of actin in spines notron 56, 640–656, November 21, 2007 ª2007 Elsevier Inc. 647
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also contribute to the synaptic trafficking and stabilization
of glutamate receptors (Allison et al., 1998). Consistently,
actin polymerization is required for the maintenance of
LTP and memory (Fukazawa et al., 2003). Moreover,
Rac1, a central regulator of actin dynamics, also regulates
AMPAR clustering during synapse maturation (Wiens
et al., 2005). Hence, kalirin-7, as an upstream activator
of Rac1 and actin remodeling, may control spine structure
and synaptic stability of receptors. Because GluR1-con-
taining AMPARs are required for potentiation (Kopec
et al., 2006; Shi et al., 1999; Song and Huganir, 2002),
we examined their interaction with kalirin-7. We found
that in cultured neurons kalirin-7 and GluR1 immunoreac-
tivities colocalized in spine heads (Figure 6A). In addition,
kalirin-7 coimmunoprecipitated with GluR1 from rat fore-
brain homogenates (Figure 6B). These results place ka-
lirin-7 in proximity of GluR1, supporting a role for kalirin-
7 in the regulation of GluR1-containing AMPARs in spines.
To test whether kalirin-7 was required for the mainte-
nance of GluR1 clusters at synapses, we examined the
effect of knocking down kalirin expression on GluR1
content in spines (Figures 6C–6F). Knockdown for
5 days resulted in dramatically reduced GluR1 cluster in-
tensities (p < 0.001). On the other hand, a shorter knock-
down for 3 days resulted in formation of thinner spines,
with only slightly lower GluR1 content (p > 0.05; Figures
6C and 6D). Interestingly, while in control neurons GluR1
clusters were mainly in the spine head, in neurons sub-
jected to RNAi for 3 days GluR1 clusters were in the spine
neck or at the base of the spines (Figures 6C and 6E).
These experiments provide evidence that kalirin-7 is in
proximity of GluR1-containg AMPARs and regulates their
content in spines. Indeed, while in control neurons GluR1
clusters are enriched in the spine head, in neurons where
expression of kalirin has been knocked down GluR1 is
partially removed from spine heads, as shown by line
scans of GluR1 immunostaining intensities across the
spine head and adjacent to the shafts (Figure 6F).
By regulating AMPARcontent in spines, kalirinmay con-
trol basal synaptic transmission. To test this possibility, we
measured the effect of knocking down kalirin expression
on AMPAR-mediated synaptic transmission. In cultured
neurons, knockdownof kalirin (for 5days) resulted in signif-
icantly diminishedAMPAR-mediated basal synaptic trans-
mission, as indicated by reduced frequency (basal, 4.63 ±
1.07/s; 5 days RNAi, 1.74 ± 0.43/s; p < 0.05) and ampli-
tudes (basal, 18.21 ± 1.52; 5 days RNAi, 11.39 ± 0.61 pA;
p < 0.01) of AMPAR-mediated mEPSCs (Figures 6G and
6H). Altogether, these data provide evidence that kalirin
controls maintenance of AMPARs at the synapse and
AMPAR-mediated synaptic transmission.
To investigate the downstream mechanisms linking
kalirin-7 activity with AMPAR surface expression, we
examined the role of actin polymerization. Actin cytoskel-
eton in spines is crucial for themaintenance and dynamics
of both spine structure (Fischer et al., 1998) and synaptic
glutamate receptors (Allison et al., 1998). A likely hypoth-648 Neuron 56, 640–656, November 21, 2007 ª2007 Elsevier Inesis is that kalirin-7 functions in spines by activating
Rac and thereby controlling actin cytoskeletal dynamics
in spines. To test this, we transfected neurons with ka-
lirin-7 for 1 day, then incubated transfected or untrans-
fected neurons with 5 mM latrunculin A (LATA-A; an inhib-
itor of actin polymerization) or vehicle further for 1 day. We
found that actin polymerization was required for kalirin-
dependent spine enlargement and enhanced GluR1 syn-
aptic expression. As expected, actin polymerization was
also necessary for basal maintenance of spine structure
and synaptic GluR1 clustering (ratios of spine/shaft
GluR1: basal, 1.58 ± 0.34; LAT-A, 0.56 ± 0.10; kalirin-7,
3.61 ± 0.45; kalirin-7 + LAT-A, 1.83 ± 0.26; p < 0.001; Fig-
ures 6I and 6J). These experiments strongly suggest that
kalirin-7 promotes spine enlargement and GluR1 enrich-
ment in spines by enhancing actin polymerization.
CaMKII Activity and Kalirin Spine Targeting
Are Required for Activity-Dependent Synaptic
Delivery of AMPA Receptors
Activity-dependent strengthening of excitatory synapses
entails the addition of GluR1-containing AMPARs to syn-
apses, resulting in a net increase in AMPAR content in
spines and enhanced AMPAR-mediated synaptic trans-
mission, which is associated with spine enlargement
(Kopec et al., 2006; Matsuzaki et al., 2004; Shi et al.,
1999). These coordinated changes in spine structure
and function have been observed in a diverse range of ex-
perimental systems and are thought to underlie activity-
dependent synapse maturation, experience-dependent
plasticity, and information storage. Activity-dependent
changes in synapse structure and function rely in part on
rearrangements of the actin cytoskeleton; hence, actin
and its regulators are likely to play key roles in activity-de-
pendent plasticity. Indeed, LTP-induced accumulation of
actin in spines is required for LTP in vivo (Fukazawa
et al., 2003), and mutations in several genes encoding
components of the Rho-like GTPase signaling pathways
are associated with mental retardation and defects in
spine morphology in humans (Ramakers, 2002). Regula-
tion of Rac1 and actin by the NMDAR-CaMKII-kalirin-7
pathway may therefore play a key role in activity-depen-
dent spine enlargement and AMPAR delivery.
To test this model, we first determined whether NMDAR
activity-dependent delivery of GluR1-containing AMPARs
to spines was dependent on CaMKII activity. We there-
fore activated NMDARs in neurons expressing GFP in
the absence or presence of the CaMKII inhibitor KN-62
(Figure 7A). Quantification of the changes of GluR1 con-
tent in spines revealed that preincubation with KN-62
blocked the NMDAR activation-induced enhancement of
GluR1 content in spines (activated, 2.4 ± 0.58; activated +
KN-62, 0.74 ± 0.04; p < 0.001; Figure 7B). This indicates
that CaMKII activity is required for GluR1 delivery to
spines in cultured neurons, similarly with hippocampal
preparations (Hayashi et al., 2000).
To determine whether displacement of kalirin-7 from
spines affected spine GluR1 content, we preincubatedc.
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Kalirin-7 Controls Rapid Spine PlasticityFigure 6. Kalirin-7 Controls AMPA Receptor Maintenance in Spines
(A) Kalirin-7 colocalizes with GluR1 in spines of pyramidal neurons (DIV28).
(B) Kalirin-7 coimmunoprecipitates with GluR1 from rat forebrain homogenate, while control IgG does not.
(C) Effect of kalirin knockdown (3–5 days) on the maintenance of GluR1 clusters, quantified in (D), ***p < 0.001.
(E) Partial knockdown of kalirin (3 days) causes altered localization of GluR1 clusters; in RNAi-treated neurons GluR1 clusters are often in spine
neck/base (arrowheads).
(F) Line scans of GluR1 immunofluorescence across representative spines and the adjacent dendritic shaft in basal (top) and RNAi-treated (bottom)
neurons.
(G) Effect of kalirin knockdown (5 days) on AMPAR-mediated basal synaptic transmission. Traces show representative recordings of AMPAR-medi-
ated mEPSCs.
(H) Quantification of mEPSC frequencies and amplitudes in (G), *p < 0.05, **p < 0.005.
(I) Elevated GluR1 spine expression induced by kalirin-7 overexpression (2 days) is blocked by actin polymerization inhibitor latrunculin A (LAT-A,
5 mM, 24 hr).
(J) Integrated intensities of GluR1 immunofluorescence in the dendritic spine and dendritic shaft were quantified and the spine/shaft ratios were
plotted. Dashed lines, dendritic shafts; arrows, GluR1 cluster in the shaft; arrowheads, GluR1 cluster in spines; ***p < 0.001.
Scale bars, 10 mm (A, C, and I), 1 mm (E and F). Data represent mean ± SEM.Neuron 56, 640–656, November 21, 2007 ª2007 Elsevier Inc. 649
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Kalirin-7 Controls Rapid Spine PlasticityFigure 7. NMDAR-Dependent Spine Delivery of AMPA Receptors Depends on CaMKII and Kalirin Spine Targeting
(A) Preincubation of neurons with KN-62 (activated + KN-62) blocks activity-induced (activated) delivery of GluR1 to spines.
(B) Quantification of average integrated GluR1 cluster immunofluorescence intensities, normalized to basal, ***p < 0.001.
(C) Interfering peptide K7 int blocks the increase in GluR1 content in spine heads following activation of NMDARs, while control K7 mut peptide does
not.
(D) Quantification of GluR1 cluster integrated intensities (C), **p < 0.005.
(E) NMDAR activation increases cell-surface GluR1; incubation with K7 int interferes with the activity-dependent increase of surface GluR1 expres-
sion, K7 mut does not. Total amount of GluR1 expressed on cell surface was determined by crosslinking surface receptors.
(F) Quantification of normalized GluR1 surface expression in cortical neurons, **p < 0.005.
(G) Quantification of spine areas in (F), p < 0.001.
Scale bars, 10 mm. Data represent mean ± SEM.neurons expressing GFP with or without K7 int or K7 mut
peptides and activated NMDARs for 30 min (Figure 7C).
Quantification of GluR1 immunofluorescence in spines re-
vealed that K7 int blocked the increase in spine GluR1650 Neuron 56, 640–656, November 21, 2007 ª2007 Elsevier Infollowing activation of NMDARs, while K7 mut did not (ac-
tivated + K7 mut, 2.6 ± 0.28; activated + K7 int, 1.1 ± 0.36;
p < 0.005; Figure 7D). Quantification of the effect
of interfering and control peptides on activity-dependentc.
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Enlargement and Enhancement of AMPA
Receptor-Mediated Synaptic Transmis-
sion Depend on Kalirin Expression
(A) Partial kalirin knockdown (3 days) prevents
NMDAR activation-induced spine enlargement
and GluR1 spine delivery (RNAi activated),
compared to neurons expressing control plas-
mid and subjected to APVwithdrawal (pGsuper
activated); basal spine morphologies and
GluR1 cluster intensities were similar in unsti-
mulated neurons expressing control plasmid
(pGsuper basal) or RNAi (RNAi basal). (B) Quan-
tification of spine areas and intensities in (A),
***p < 0.001. (C) Effect of kalirin knockdown
(3 days) on NMDAR activation-dependent
enhancement of AMPAR-mediated synaptic
transmission. Traces show representative re-
cordings of AMPAR-mediated mEPSCs. (D)
Quantification of AMPA mEPSC frequencies
and amplitudes in (C). (E) Model of the regula-
tion of activity-dependent synapse structural
and functional plasticity by the NMDAR/
CaMKII/kalirin-7/Rac1 pathway. Scale bars,
10 mm. Data represent mean ± SEM.spine enlargement, as visualized by GFP, revealed that, in
the presence of K7 mut peptide, spine areas increased as
in the absence of peptide, whereas K7 int peptide inhibited
this increase (basal, 0.72 ± 0.04; activated, 0.98 ± 0.4; ac-
tivated + K7 mut, 0.97 ± 0.06; activated + K7 int, 0.68 ±
0.04 mm2; p < 0.001; Figure 7G and Figure S6I).
We used an additional, biochemical method to crosslink
surface-only GluR1 (Boudreau and Wolf, 2005) to test
whether interference with kalirin-7 localization to PSDs
affected activity-dependent enhancement of GluR1 ex-
pression on the neuronal cell surface. Western blotting
with aGluR1 antibody revealed that, as expected, NMDAR
activation increased cell-surface GluR1; this activity-
dependent increase of surface GluR1 expression was
abolished by preincubation with K7 int but not with
K7 mut (p < 0.05; Figures 7E and 7F).
Kalirin Is Required for Activity-Dependent
Enhancement of AMPA Receptor-Mediated
Synaptic Transmission
To determine whether kalirin is required for the activity-
dependent increase in GluR1 content in spines, weNeuknocked down kalirin expression in neurons. Because
dramatic alterations of dendritic morphology caused by
full knockdown of kalirin may indirectly affect AMPAR
content in spines, we took advantage of the dosage-
dependent effect of kalirin knockdown on spine morphol-
ogy andGluR1 content. Knockdown of kalirin-7 for 3 days,
while having small nonsignificant effects on spine size and
basal GluR1 content in spines (Figures 5 and 6), blocked
APV withdrawal-induced spine enlargement (pGsuper
basal, 0.77 ± 0.05; pGsuper activated, 1.28 ± 0.09; RNAi
basal, 0.70 ± 0.06; RNAi activated, 0.75 ± 0.05 mm2; p <
0.001) and GluR1 delivery to spines (pGsuper basal,
1.00 ± 0.12; pGsuper activated, 1.92 ± 0.18; RNAi basal,
0.94 ± 0.17; RNAi activated, 1.03 ± 0.13; p < 0.001;
Figures 8A and 8B and Figure S6J).
Activity-dependent synaptic delivery of AMPARs
contributes to the enhancement of synaptic transmission
during potentiation. To determine whether kalirin was re-
quired for activity-dependent enhancement of synaptic
transmission, we examined the effect of knocking down
kalirin expression on APV-induced changes in AMPAR-
mediated mEPSCs in cortical pyramidal neurons. While
NMDAR activation caused an increase in averageron 56, 640–656, November 21, 2007 ª2007 Elsevier Inc. 651
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Kalirin-7 Controls Rapid Spine PlasticityAMPAR-mediated mEPSC frequency (Figure 1C), partial
knockdown of kalirin expression prevented this increase
(RNAi basal, 4.09 ± 0.60/s; RNAi activated, 4.01 ± 1.01/s;
p = 0.95; Figures 8C and 8D). This result demonstrates
that normal levels of kalirin expression are required for
NMDAR activity-dependent enhancement of AMPAR-
mediated synaptic transmission. Together with kalirin’s
role in the maintenance of spines and AMPAR clusters
at synapses, these data provide evidence that kalirin
controls activity-induced rapid enhancement of spine
size and AMPAR content, mechanisms that underlie the
coordinated structural and functional strengthening of
synapses.
DISCUSSION
Here we provide evidence that, in mature pyramidal
neurons, a signal transduction pathway initiated by plas-
ticity-inducing activation of NMDARs causes activation
and autophosphorylation of CaMKII, resulting in the phos-
phorylation of kalirin-7 anchored to the PSD in spines
(Figure 8E). CaMKII interacts with kalirin-7, phosphory-
lates it on Thr 95, and modulates the ability of kalirin-7 to
induce spine enlargement. This indicates that the pres-
ence of a phosphorylatable Thr at this site is necessary
for the ability of kalirin-7 to regulate spine morphogenesis,
also revealing an important regulatory mechanism of
kalirin. This interaction of kalirin-7 with CaMKII mediates
NMDAR-dependent activation of Rac1, which in turn
causes the rapid enlargement of spine heads that under-
lies activity-dependent synaptic structural plasticity.
Unexpectedly, kalirin-7 also associates with GluR1-
containing AMPRs, controls their synaptic expression
and maintenance, and thereby modulates AMPAR-medi-
ated synaptic transmission. Kalirin interacts with several
PDZ domain-containing proteins, such as PSD-95,
SAP97, and SAP-102 (Penzes et al., 2001), that also inter-
act directly or indirectly with GluR1 and may mediate this
association. Importantly, in mature synapses, CaMKII and
kalirin-7 are required for activity-dependent spine enlarge-
ment and enhancement of AMPA-mediated synaptic
transmission. This study therefore identifies an essential
link between the mechanisms necessary for induction of
activity-dependent rapid structural and functional plas-
ticity of existing synapses and the molecular machinery
that regulates postsynaptic actin dynamics that underlie
spine morphogenesis, receptor trafficking, and receptor
anchoring at the synapse.
Because all components of this signaling pathway are
enriched in spines, our methods of stimulating NMDARs
act mainly at synapses (Liao et al., 2001; Lu et al., 2001),
and because NMDAR activation causes the translocation
of CaMKII (Liao et al., 2001) and kalirin from dendrite
shafts into nearby spines, leading to predominant phos-
phorylation of the Rac-target PAK in spines, it is very likely
that a large fraction of these effects take place in dendrites
and spines. However, because a fraction of CaMKII and652 Neuron 56, 640–656, November 21, 2007 ª2007 Elsevier Inkalirin-7 is present in the soma, they may also contribute
to the observed effects.
Kalirin-7 may fulfill several unique functions in the prop-
agation of the signal from NMDARs to actin. First, it may
provide an amplification step in the activity-dependent
control of actin dynamics: since kalirin-7 is an enzyme,
only a few kalirin molecules may be required to activate
multiple Rac1 molecules, which would then lead to more
extensive actin rearrangements than those caused by
direct stoichiometric interactions of actin filaments with
glutamate receptors. Second, a multiprotein complex
containing NMDARs, CaMKII, and kalirin-7 would provide
signal channeling, achieved here through spatial localiza-
tion of the signaling cascade, resulting in an increased
signaling specificity and temporal efficiency. Third, since
kalirin-7 is a multidomain protein, which is also regulated
by ephrinB/EphB signaling (Penzes et al., 2003), cadher-
ins, and fyn (unpublished data), kalirin-7 may allow for
the integration of multiple signaling inputs to regulate
spine morphology, providing a higher degree of control
than separate parallel pathways would. Fourth, because
kalirin-7 controls both spine structure and synaptic func-
tion, it may provide a key link in the coordinated activity-
dependent regulation of spine structure and function.
Fifth, because postsynaptic morphology may also affect
presynaptic function through trans-synaptic signaling
molecules, including the ephrinB/EphB system, kalirin-7
may indirectly modulate presynaptic function, as sug-
gested by the effects of kalirin knockdown on AMPAR-
mediated mEPSC frequencies.
The expression of kalirin-7 is highest in neurons with
mature synapses and is low (although detectable) in im-
mature developing neurons, suggesting that it plays an
important functional role in mature synapses. This further
supports a crucial role for kalirin-7 in the activity-depen-
dent structural and functional plasticity of mature synap-
ses. In developing neurons kalirin, together with other
GEFs such as Tiam1 (Tolias et al., 2005), may control
activity-dependent dendrite development and synapse
maturation. Tiam1 appears to mediate the activity-depen-
dent increase in spine density during synapse develop-
ment and maturation (Tolias et al., 2005), while kalirin-7
affects primarily activity-dependent increases in spine
sizes. In addition, the fact that Tiam1 knockdown affects
the soma size and the complexity of the dendritic tree
suggests a more general function for Tiam1 in neuronal
morphology. Our results, together with the established
important roles of the upstream regulators of kalirin-7
(NMDARs and CaMKII) and its targets (Rac1 and actin)
in plasticity, strongly suggest that kalirin-7 may be an im-
portant regulator of the experience-dependent modifica-
tions of forebrain circuits during postnatal development
and may play an important role in learning and memory.
Future studies using gene-targeted animals will establish
the role of kalirin in these processes in vivo.
Our RNAi experiments suggest a selective dependence
of spine and GluR1 plasticity versus maintenance pro-
cesses on the duration of reduced kalirin levels. This isc.
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tural components of spines, the need for somatic supply
of kalirin for spine maintenance but not plasticity (3 and
5 day RNAi affect kalirin levels comparably in dendrites,
but not soma, Figures S4C and S5D), and to potential par-
allel mechanisms that may maintain spines for short but
not long periods of reduced kalirin.
Although structural changes in spiny synapses, associ-
ated with various physiological conditions such as various
forms of training, stress, social contexts, or diseases like
mental retardation or schizophrenia, have been described
for decades, it has only recently become clear that spine
structural plasticity is intimately associated with synaptic
functional plasticity (Kasai et al., 2003; Kopec et al.,
2006). Indeed, stimuli that induce synaptic plasticity in
mature synapses, such as high-frequency stimulation (En-
gert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999;
Toni et al., 1999), glutamate uncaging (Matsuzaki et al.,
2004), or chemical LTP (Kopec et al., 2006), also cause
rapid enlargement of existing spines. In these studies, ac-
tivity-dependent spine modifications occurred on a range
of timescales, but in general spines become enlarged
rapidly, within 5 min, and remained larger than the initial
sizes for extended periods (40–80 min) (Kopec et al.,
2006; Maletic-Savatic et al., 1999; Matsuzaki et al.,
2004; Park et al., 2006) or reverted to the initial sizes
(Lang et al., 2004). It is most likely that these discrepancies
are due to the different experimental conditions. However,
the time course andmechanisms of spine plasticity in cor-
tical neurons are not well understood. In this study we find
that, in dissociated cortical pyramidal neurons, NMDAR
activation-dependent enlargement of dendritic spines oc-
curs within 5–30 min and requires the activation of CaM-
KII. Spine plasticity in cortical neurons occurswith a similar
time course as spine structural changes in slice prepara-
tions, indicating similar phenomenology andmechanisms.
Moreover, spine structural plasticity in cortical neurons
occurs with similar time courses as the synaptic functional
changes in cortical and in hippocampal neurons (Kasai
et al., 2003; Kopec et al., 2006), indicating that structural
and functional plasticity may be mechanistically linked.
Structural and functional plasticity plays an important
role in many neuronal types, including hippocampal, cor-
tical, striatal, nucleus accumbens, and cerebellar neurons.
In this study we focus on cortical pyramidal neurons,
which share many physiological and morphological prop-
erties with hippocampal pyramidal neurons, including LTP
and experience-dependent spine structural and functional
plasticity (Takahashi et al., 2003; Connor et al., 2006).
Spine plasticity has been extensively examined in the ro-
dent cortex in vivo and in various neurodevelopmental
and psychiatric diseases and diseasemodels and is highly
relevant for the pathophysiology of these diseases. We
expect that mechanisms similar to those described here
govern plasticity in subpopulations of pyramidal neurons
in the forebrain.
Activity-dependent rapid spine enlargement parallels
the enhancement of AMPAR synaptic content andNeuAMPAR-dependent synaptic transmission, suggesting
that the structure and function of excitatory synapses
are coordinately regulated during plasticity (Kasai et al.,
2003; Luscher et al., 2000; Matsuzaki et al., 2004). How-
ever, the molecular mechanisms that accomplish the co-
ordinated regulation of synaptic functional and structural
modifications during plasticity have not been uncovered.
Because actin polymerization is required for the mainte-
nance of LTP and memory (Fukazawa et al., 2003), one
likely possibility is that mechanisms that control actin re-
modeling in spines, such as those involving kalirin-7,
may also contribute to the synaptic trafficking and stabili-
zation of glutamate receptors (Allison et al., 1998). Indeed,
here we show that kalirin also controls the maintenance of
AMPARs at the synapse, is crucial for the maintenance of
basal AMPAR-mediated synaptic transmission, and is
required in spines for activity-dependent enhancement
of AMPAR-mediated synaptic transmission.
Interestingly, we found that kalirin participates in a pro-
tein complex with GluR1. The association of kalirin with
GluR1 is most likely mediated by scaffolding proteins
such as SAP97 or PSD-95, which interact with both pro-
teins, but may also be direct. In this manner, kalirin-7 is
in proximity of GluR1-containing cellular membranes.
These effects of kalirin on spine morphology and AMPARs
depend on actin polymerization, since they are prevented
by the actin polymerization inhibitor latrunculin A. Kalirin-7
may hence regulate AMPAR maintenance in spines by
regulating the actin cytoskeleton in spines, to which
AMPARs are anchored (Allison et al., 1998).
Altered morphologies of spiny synapses have been
associated with mental retardation, neuropsychiatric dis-
orders, and drug addiction (Fiala et al., 2002). Specifically,
aberrant spine morphology in forebrain occurs in many
types of mental retardation (Kaufmann and Moser,
2000), including fragile-X (Irwin et al., 2000) and autism
spectrum disorders (Pickett and London, 2005). Rho-like
small GTPases (including Rac1) are central regulators of
the development and morphology of spines (Tashiro
et al., 2000), and their essential role in regulating spine
morphological plasticity is supported by the fact that
many types of nonsyndromic mental retardation, associ-
ated with altered spine morphogenesis, are caused by
mutations in genes encoding proteins in the Rho GTPases
signaling pathways (Ramakers, 2002). These disorders
affect human cognitive abilities, suggesting a link between
dendritic spine structural plasticity, Rho GTPase signal-
ing, and cognition. Defects in postsynaptic signaling me-
diated by kalirin may also contribute to psychiatric dis-
orders. Postmortem studies on schizophrenic subjects
reported morphological alterations in dendritic spines in
the cerebral cortex (Glantz and Lewis, 2001). Kalirin may
play an important role in this spine pathology, because it
interacts with the schizophrenia candidate protein disrup-
ted-in-schizophrenia-1 (DISC1) (Millar et al., 2003), and
the expression of kalirin (also called Duo) is specifically
reduced in prefrontal cortex in postmortem subjects
with schizophrenia (Hill et al., 2006). Therefore, our resultsron 56, 640–656, November 21, 2007 ª2007 Elsevier Inc. 653
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neurodevelopmental and psychiatric diseases.
EXPERIMENTAL PROCEDURES
Reagents and Plasmid Constructs
The plasmids encoding myc-kalirin-7 and myc-kalirin-5 were
described previously (Penzes et al., 2001). The myc-kalirin-7-T95A
mutant was generated by site-directed mutagenesis using the Quick-
Change II XL mutagenesis kit (Stratagene). The sequence of the for-
ward mutagenesis primer was 50-GTTTGCAAACGTGGCTTCGCCGT
CATCATCGACATGCGGGGC-30. The following plasmids were also
used: CaMKIIa-T286D (CaMKII-CA) and CaMKIIa were kind gifts
from Dr. Tobias Meyer (Stanford University); pEGFP-N2; myc-DH-
PH; FLAG-spectrin. Polyclonal antibodies recognizing kalirin were
described previously (Penzes et al., 2001); antibodies to GluR1 and
NR2A were generous gifts from Dr. Richard L. Huganir (Johns Hopkins
University). The following antibodies were purchased: CaMKIIamono-
clonal, PSD-95 monoclonal, GluR1 monoclonal, GFP monoclonal
(Chemicon); myc monoclonal (University of Iowa Hybridoma Bank,
Santa Cruz); p-Thr polyclonal (Invitrogen); Tiam-1 monoclonal (Calbio-
chem); Rac1 monoclonal and p-CaMKIIa/b polyclonal (Upstate); IgG
polyclonal (Sigma). Latrunculin-A was a gift from Dr. Anis Contractor
(Northwestern University).
Neuronal Treatments
For APV withdrawal, neuron cultures were maintained in the presence
of 200 mM D,L-APV. Cells were preincubated in ACSF (in mM: 125
NaCl, 2.5 KCl, 26.2 NaHCO3, 1 NaH2PO4, 11 glucose, 5 HEPES, 2.5
CaCl2 and 1.25MgCl2) with 200 mMAPV for 30min at 37
C. Coverslips
were then washed in ACSF and transferred into treatment medium
(ACSF without MgCl2, plus 10 mM glycine, 100 mm picrotoxin, and
1 mM strychnine) (Liao et al., 1999). For neurons cultured in dishes,
ACSF + APV medium was removed, washed with ACSF, and then
incubated in treatment medium. For peptide treatments, cells were in-
cubated with 10 mm of either K7 int or K7 mut for 2 hr, followed by
a wash, and incubated in culture medium overnight before treatment
or being fixed. Although the examined synaptic PDZ proteins and
ligands are not affected by the peptide (Figure S3), it cannot be com-
pletely ruled out that other PDZ-mediated interactions may have also
been affected. Experiments with KN-62: cells were transferred to
ACSF + APV, KN-62 (10 mM) was added for 90 min. Cells were then
treated as above in the presence of KN-62. All treatmentswere allowed
to proceed for the indicated times; cells were then immediately fixed or
used for biochemistry.
Quantitative Analysis of Spine Morphologies
Confocal images of single- and double-stained neurons were obtained
with a Ziess LSM5 Pascal confocal microscope. To determine the
lateral resolution of our confocal microscope, we imaged fluorescent
microspheres (Duke Scientific) of known diameters, mounted in
ProLong antifade solution, using the 633 oil-immersion objective
(NA = 1.4). Quantification indicated that the lateral point spread func-
tion was smaller than 0.5 mm and that areas equal to or larger than
0.21 mm2 were accurately measured. Therefore, we did not include
structures in our analysis that had an area of less than 0.25 mm2, as
these structures are approaching the limit of our microscope’s resolu-
tion. It should also be noted that measurements of small spine
features, such as thin spine necks, could be overestimated in our mea-
surements. An anti-GFP antibody was used to circumvent potential
unevenness of GFP diffusion in spines. Images of neurons were taken
using the 633 oil-immersion objective as z-series of three to eight
images, averaged four times, taken at 0.37 mm intervals, 1024 3
1024 pixel resolution at a scan speed of 8 s per section. The acquisition
parameters were kept the same for all scans. Two-dimensional maxi-
mum projection reconstructions of images, morphometric analysis,654 Neuron 56, 640–656, November 21, 2007 ª2007 Elsevier Inand quantification were done using MetaMorph software (Universal
Imaging). Synapses formed onto healthy neurons with pyramidal
morphologies were imaged as described above. Cultures that were
directly compared were stained simultaneously and imaged with the
same acquisition parameters. For each condition, 6–12 neurons
each from at least two separate experiments were used, and two den-
drites from each neuron were analyzed. Experiments were done blind
to conditions and on sister cultures. To examine the morphologies of
dendritic spines, individual spines on dendrites were manually traced,
and the area, maximum length, and head width of each spine was
measured by MetaMorph. Student’s unpaired t tests were used to de-
termine the statistical significance of differences between two groups;
one-way ANOVAs were used to compare three or more groups,
followed by Tukey-b post hoc for multiple comparisons. Statistical
analyses were performed in Excel and SPSS. Cumulative plots were
analyzed using Kolmogorov-Smirnov test (K-S test).
RNAi and Mutagenesis
To deliver siRNA (small interfering RNA) molecules, we used the
plasmid pGsuper, derived from ‘‘pSuper,’’ which expresses siRNA
and EGFP simultaneously (Elbashir et al., 2001; Kojima et al., 2004).
Several gene-specific inserts were designed using the BLOCK-iT soft-
ware (Invitrogen) to encode 21-nucleotide sequences derived from the
target transcript, separated by spacer loops of nine nucleotides, and
followed by the reverse complement sequence of the target sequence.
These siRNAs were unique to the kalirin gene and were not targeting
any other sequences in the database.
Electrophysiology
Transfected neurons expressing GFP were identified by fluorescence
before recording. The external solution contained ACSF with 1.25
MgCl2 and 200 mM APV or with 10 mM glycine, pH 7.3, 320–330
mOsm/L. Miniature AMPA-mediated excitatory postsynaptic currents
(mEPSCs) were measured from whole-cell voltage patch-clamp re-
cordings with a gap-free model using Pulse 8.4 software data acquire
system (HEKA, Germany). Signals were low-pass filtered at 1 kHz,
sampled at 10 kHz, and amplified with an axopatch 200B amplifier
(Axon Instruments). EPSCs were recorded at a holding potential of
60 mV in the presence of tetrodotoxin (1 mM), picrotoxin (100 mM),
and strychnine (1 mM) at room temperature. Patch pipettes were pulled
from borosilicate glass and had a resistance of approximately 3–5MU.
Internal pipette solution contained the following (in mM): CsMeSO3
120; NaCl 5; TEA-Cl 10; HEPES 10; QX314 5; EGTA 1.1; ATP-Mg2 4;
GTP-Na2 0.3; pH 7.2 adjusted with CsOH; 270–280 mOsm/L. Electro-
physiological signals were analyzed using Clampfit 9.2 (Axon Instru-
ments) and Mini Analysis Program 6.0.3 (Synaptosoft).
For more, see the Supplemental Experimental Procedures.
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/56/4/640/DC1/.
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